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Abstract

This paper introduces an improved nonlinear parallel in-
terference cancellation scheme that significantly reducesthe
degrading effect of user interference with implementation
complexity linear in the umber of users. The scheme op-
crates onthe fact that parallel processing simultancously
removes from each user a par t of the interference produced
by the remaining users accessing the channel the ar nount
being proportional to their reliability. The parallel process-
ing can be done inmultiple stages.  The proposed scheme
usestentative decisiondevice satthe multiple stages to pro-
ducethe most reliably €stiTnatedreceived data for g enera -
tion and cancellation of user interference. Simulation re-
sults are given for amultitude of differentsituations,inpat -
ticular, those cases for which the analysis is too complex.
1.0 Introduction

Multiuser communicationssystemsthat employ Cede divi -
sionmultiple access (CIDMA) exhibit ausercapacity limit
in the sense that there exists a maximumnumber of users
that can simultancously COtnmunicate over the channel for
aspecifiedlev el of performance per user. This limitation is
broughtaboutby the ultimate domination of the other user
interference over the additive therinal noise. Over the years
rescarchers have sought ways to extend the user capacity of
CDOMA systems either by employing optimum [maximum-
likelthood (M1.)] detection or interference cancellation (1)
methods [1-14]. With regard to the former, the work of Verdu
(1,21 is perhaps the most cited in the literature and the one
upon which much of the other work is based. In Verdu's
work, thereceiver structure is derivedbased onminimiz-
ing the squared Fuclidean distance between the reccived
signal and the sum of the M asynchronous user signals, i.c,
the total transmitted signal. As such, the presence of dl M
users siiultancously shaving the channel is accounted for
inarriving a theMl. receiver. The primary difference be-
tween the structure that evolves from such an approachand
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the conventional structure is that joint sequence decisions are
made on the set of M matchedfilter outpults as opposedto
individual bit-by-bitdecisions on eacl | matched filter out-
put alone.

While indeed such optimum multiuser algorithms of-
fer significantly improved performance by alleviating the
disadvantages associated with the conventional scheme,
they unfortunately suffer from the fact that their complex-
ity grows exponentially with the nuumnber of users and the
lengthof the Scc]llc’rice,  “I'his follows directly from the fact
that the optimum MI. decision algorithin can be imple-
mented as a dynamic prosgam with time Complexity per
binary decision that is 0O( [15]. While inmany practical
applications such performance complexity prohibits iimple-
mentation of the Verdu algorithin, its performance is still
very muchof interestsince it serves as abenchmark against
which to compare other schemes with less immplementation
complexity such as those that employ interference cancella-
tion to be discussed shortly. Another disadvantage of the
Verdu algorithm as well as most other multiuser detectors
is the necessity of knowing the relative amplitudes of the
various user sig nals present at the input to the receiver. One
possibility atound this disadvantage isto performmultiuser
amplitude estimation [16]. Analternative scheme isto em-
ploy power control a the transmitter which isa cornmon tech-
nique used in cellular radio systems to solve the near-far
problem. in this case, allreceived users are assumed to have
the samne power.

The most obvious solution to the multiuser interference
problemwould be to designthe user codes k) have more
stringentcrosscorrelation properties since indeed it’ the sig-
nals were truly or thogonal this interference would not ex-
ist. Unfortunately, it is not theorctically possible that any
sct of codes will exhibit zero crosscorrelation in the asyn-
chronous case. Moreover, the near-far problem mentioned
above still exists even for well-ciesisswd alinost-orthogonal
Code's. Thus, the multiuser interfer ence problem must be
deall with and tackled from another viewpoint.

One app roach is the so-called decorrelating receiver 41,
In this micthod, the different users are made to become
uncorrelated by a suitable linear transforma tion . This lin-



car transformation is comp ut ed by measuring all
crosscorrelations between pawrs of user codes andthe nin -
verting the resulting (typically huge)matrix of
crosscorrelations. Since in practical systems eachiuser is
assignedavery long PN code, eachbit has essentiallyaran -
dom code assignedto it. Thus, inthis case, the above pro-
cedure would havetorepeated for each bit insuccession!
Also, since the code crosscorrelationsare indeed random
variables, it is alsopossiblethatthe inverse of the
crosscorrelation matrix might not exist.

Another popular approach is to employ interference can-
cellation, i.e., to attempt removal of the multiuser interfer-
ence from each user’s received signal before making data
decisions. I principle, the IC schemes considered in the
literature fall into two categories, namely, serial (successive)
andparallel cancellation. With regard to the former, Viterbi
[6] (see also Dent[7] and Pateland Holtzman [19]) suggested
coordinated processing of the received signal with a sue-
cessive cancellation scheme in which the interference caused
by the remaining users is removed from each user in suc-
cession. One disad vantage of this scheme is the fact thata
specific geometric power distribution must be assigned to
theusersinorder that each seethe same signal power to
backpround plusinter ference noise ratio. This comes about
because of the fact that with successive cancellationthe first
user to be processed sees all the interference from the re -
maining M-Tuscrs whereas each userdownsticamsecsless
and lessinterference as the cancellation progresses. Another
disadvantage of this schemce has to do with the required
delay necessary tofullyaccomplish the ICforallusersin
the system. Since the 1(° proceeds serialy, a delay onthe
order of M bittimes is required tc)colll~>letc t}Icjot). Never-
theless, Viterbishowed that the successive 1C scherme co uld
approachchannel capracity for the aggregate Gaussiannoise
channel.  As such, the scher ne does not become multiuser
interference limited.

Parallel processing, of multiuser interference simultaneously
removes from each user the interference produced by the
remaining users accessing the channel. In this Way, cach
vser in the system receives equal treatment insofar as the
attempt is made to cancel his or hermultiple user interfer -
cnce. As compared with the serial processing scheme, since
the 1C is performedin parallel for all users, the delay re-
quired to complete the operation isat Il-rest a few bit times.
The early paper s that dealt with parallel IC recognized the
desire to arrive atastructure that could be motivated by the
MI.approach. In particular, a multistage iterative approach
was suggested by Varanasiand Aazhang [8,9) which at a
givenstage estimated a givenuser’s bit under the assump-
tionthatthe exact knowledge of the other users’ bitsinthe
same transmission interval needed to compute the multiuser
inter ference could be replaced by estimates of these bits from
the previous stage. It was indeed this basicidea whichled

to the multistage iterative schemes subsequently proposed
by Yoon, Kohno, and Iinai [11-131 and Kawabe ct al [14].
Whatwas conunonto all of these schemes was the fact that
atcachstage of the iteration, anattermpt was made for each
user to completely cancel the interference caused by al the
otherusers.? As we shallsee in this paper, this is notneces -
sar ily the best philosophy. Rather, when the interference
estimate is poor (as inthe early stages of inter ference can-
cellation), it is preferable not to cancel the entire amount of
estimated multiuser interference.® As the 1C operation
progresses, the estimates of the multiuser interference im-
prove and thus in the later stages of the iterative scheme, it
becomes desirable to increase the weight of the interference
being removed. The motivation behind this approach can
also be derived from ML considerations as was done for the
total }C approach previously considered.
With the above discussion inmind, this paper presents a
new parallel interference cancellation scheme that signifi-
cantly reduces the degrading, effect of multiuser interfer-
ence but with a complexity linear in the number of users
and with improved performance over the previously con-
sidered parallel and serial processing, techniques. When
compared with classical CDMA without1C, the improve-
ment in performance is dramatic. Althoughour scheme is
suitable to the case of anonunifori power distribution as
wellas auniform power distribu ion among the users, in
this paper we shall primarily focus on the latter. In addi-
tion, although our scheme is applicable to asynchronous
transmission, we shall assume here that al users have syn-
chronous data streams. This cascresultsin worst case per-
formance, i.e, if the data transition instants of the various
users are notaligned, thenonthe average they have less of
aninterfering effectonone another.
2.0 Multiuser Commun ication System Model

We consideraCIDMA communication system in which
M users arc comntnunicating simultancously at the same rate
over a common AWG N channel each with a BIPSK data
modulation and their own pseudonoise (PN) code As such
the received signal is the sutnof M direct sequence BPSK
sigynals cachwith power 57, bit timne 73, and PN chip time
T, and additive white Gaussian noise with single-sided
power spectral density (I°PSDD) Ny w /7. At bascband, this
sig nal can be writtenin the complex form?

M
r(t): 5!;_&([) + n(t) = }1 \/S. m(1YPN (e’ + (1) 1)
[EN i=1

We shall refer to such a tec hnig ue as brate force or total interler-
ence cancellation,

YWe shall refer to such atechnique as weig hted interference can -
cellation.

*For convenicnce, we shall use complex notation to represent the
various signalsiu [he. receiver.



where for the ith user PN (1) is the PN code waveform,
7 ()= a,p(r- &1,) is the datamodulation with kth bit a
k-

taking on oquiprotmblo valyes #Llandunitpower rectang, -
lar pulse shape p@r) of d uration Ty (assumed for simplic-
ity}, and ¢; is the carrier phase. f orthe equaluser power
case,oncwouldhave, S, = Sy = L2, M

We shall assume for the purposeofanalysis andsimu -
lation that the users have purcly random PN codes” assigned
to them.Itis to be emphasized, however, that the IC schemies
to be discussed in what follows apply equally well to any
appropriate set of PNcodeschosen for theusers provided
that the codes are known to the receiver. In view of our
assumption, over the bit intervalO< ¢ < 7, theithuser’s
PN waveforim can be expressed inthe form

N0 = ) cap(t - K1.) )
k=1

where p(f) is again a unit power TCCtang ylar pulse shape

now of duration 7., 1:7,/1, is the number of PN code

chips per data bit, i.e, the spreading ratio , and{c,} is a
random binary (+1) sequence. The user codes are specified
interms of their normalized crosscorrelagonmatrix 10 = [yu]

where
n

l \
7y G >4C1‘Fjl :
Mk

withy, = 1; i:1,2,.,M.

3.0Derivation of the New Parallel Tterated Multiuser
Detector

As previously stated, the optimalmultiuser detector [11 s
derived from a joint Ml decision onthe M user data bits in
a giveninterval anti thus has exponential comnplexity in the
number of users. Instead, we choose to individually decide
oncachuser’s data bit inthis same interval, the motivation
being to reduce the complexity of the detector. Clearly, in
deriving suchvan Ml netric for ally one user, one would
theoretically need exact knowledge of the data bits cor re-
sponding to all the other M - Tusers. Since indeed this in-
formation is unknown, the above theoretical assumption
However, by replacing exact knowl -

1 (. ..
Ll e > . - 2
1[_, .[) PN, (0O)f N}-(l)dl, L= L2 M ()

’

is practically invalid.
edge of the other M-1 user bit s by estimates of their values,
wearrive @ an iterative scheimne whercin each stage of the
iteration produces new andbetterestimates of the user bits
based upon those obtained in the previous stage. By sol -
ing this M1 problem with the above condition imposed, we
arrive at the following decisionrule for the ith user (assumed
herein to be the user of interest) at the kthiteration stage)®

*For very long lincar feedback shiftreg isters, PN code. s canbe
a ssuined to be purely random.
“Interestingly enough, the sugg estion to formaweighted sum as in

a(ky: p (Y- Lk D) (1-pJatk- 1) (4a)
where ¥ - {0 id } with
f 2 AT 7

3, - v jo F(OPN,(6)dt (4b)

i.c., a normalized projection of the received signal on user
I's code, I, = §1, is the bit energy in user °s signal, and
[k~ 1) denotes the estimated interference contributed by

the other users to user 1and is given by

it - 1, S / ¥ Gk Dty (5a)
I“ 0
a,(k) = tanh(a,a, k) (5b)

In (5b) {a (k l)}l“,arct}xo reliabilities of the bits at the (k-
Dstiteration (initially we have {a (O} = {¥ }£) and

{(’zl(k 1)}[?11 are the corresponding tentative estimated data
bits which are obtained by employing a hyperbolic tangent
form of decision device. (Other forms of decision devices
arc discussed below.)  These decisions are referred to as
tentativedecisions (for anystagepreviousto the last) since
indeed the final decision onthe users databits are only made
atthe last iteration stage, i.e, after the interference has been
removed to whatever extent is possible. Fig. 1 is a mult -
stage receiver strouct ure with kth stage as in Fig. 2 which
together form the weighted IC scheme suggested by Eq. (4).
The significance of the parameters p, in (4a) and a, in (5b)
as they relate to this structure arc disc ussed below.

The parameter p, (1 < p,<1) in(da) is a weight factor
in the kth iteration that represents the amount of cancella-
tion attempted at that stage and is a parameter to be opti-
mized for cach value of k.7Intuitively,onewould expect
thatthe value of p, (which depends on the particular stage
through the subscript k) would monotonically increase as
one progresses toward the final data decision, i.c., as one
iterates more and more, the fidelity of the tentative deci -
sions improves andthus one shouldattemnpt to cancelmore
and more interference. Ind ced, the numerical results to be
presented later onbearoutthisint uition.

Withregardto the form of tentative decision device used
at cach iteration stage for cach user, there are several op-
tions. The hyperbolic tangent (soft decision)device, as in-

dicated in (5b) is ()ptnnum from minimum mean-squared

(4a) conw\fr()m MI, considerations based on jointly observing Y,

and a, (k - 1) asopposced o Y, alone. ‘Ink specific way in which
thisnew arid iinprovediterative technique cornes about is described
ingreat detait wn {18].

"For the uniequal power user case, p, also depends onthe ithuser’s

power aud should be replaced by py



error {(MSE) considerations (based ©1 a Gaussian interfoer-
ence assumption). Indeed this rc’suit was formally shown
in [18] by considering a,(k) as a nonlinear estimate of q
given Y, a (k- 1), and [, (k- D). The best performance using,
this device will be Obtained by optimizing the weight (slope)
factors &, in{5b). Another soft tentative decision is @ linear
device which is obtained by approximating tanhx by xin
(b)) valid for small x. The linear decision device has the
advantage that it dots not require PO wer estitnates nor car-
rier demodulation; hence, a differential detection schee
can be employed instead of the coherent detection SChieme
assumed here. Finally, a hard decision canbe used which
provides a tentative bit polarity for the nextiteration and
corresponds to approximating tanhx by sgnxin (5b), valid
for large x. The merits of all these P ossibilitics at\d others
are discussed inmore detail in [18].

4.0 Verformance Results

The analysis of the performance of a single stage interfer-
ence cancellation is given in (18] and s quite tedious to ob-
tain despite many siimplifying, but valid assumptions. Fx-
tending, the analysis to only two stages {s even more com:
plicated; henee, it is expeditious to obtain the performance
of ak-stage iterative ICscheme from computersimulations.
Software programs have beenwritten to modeluser trans -
mitters and the base station receiver in the complex
baseband domain. Random PN codes are generated for each
user and used to spread his or her Fand o data bits. The
results of these spreading operations are multiplied by the
jc\‘M

complexformof the carrier phases, ¢’*|:7,, following which

complex Gaussiannoise samples arc added to the €O mbined
received signalwithatleastone sample per chiptime. The
carrier phases which are generatedindependently for cach
uscrare assumed to be constant over theintegration time of
the detector and uniformly distributed in the interval ((),
2n).

Itis commonin anayses of CDMAsystems [171 to de-
finc adegradation factor, 1), as the ratio (indB) of the £, /N,
required to achieve a given bit error rate inthe presence of
M users, to that which would be required to achieve the
same level of performance if only asingle user was com-
municating,. The performance results to be illustrated arc
plots of this degradation factor versus the numnber of users
M for fixed values of processing, gain 17 and bit ervor prob-
ability B(E).

The proposed IC schemes were simulated with opti-
mized values of the weight factors, Pxs up to three stages.
‘The performance results described above are illustrated in
Fig.3 for lincar andinFig. 4 for nonlincar (hard decision)
tentative decision devices along, with the corresponding,
simulation and analysisresults for asinglestage brute-fe)rer
(total cancellation) scheme. Also illustrated are the results

forconventional CHMA with nointerference cancellation.
We observe that, tor the parameters consideredand uncoded
BIPSK users, a three stage nonlinear 1C scheme allows as
many as 80 users with a degradation of only 1dBas com-
parcdto 9 users inaconventional COMA system with the’
same degradation. This ideally represents atvalmost nine -
foldincrease inthe user capacity of the system.

5.0 Muitipath Considerations

Inboththe analysis and sitnulation results presented here,
we assumed an AWGN channel. If multipath is presentand
ass umed to be known, then the follow ing modifications of
the above schemewould take place. First, inthe descrip-
tion of the received signal, one would replace the modul -
tionpulse shape p(1) with its channeloutputversion,

3
namely, p ()= D hp(t- 2,), where L is the number of
i1

multipath rays, 7, arc the multipath delays, and A, the
multipath channel coefficients. Next, the cc)t'relator in the
receiver would be replaced by a RAKE combiner, and fi -
nallv the respreader nultiplication of the tentative deci -
sion by the PNcode)would be replaced by a circuit imitat-
ing the effects of the multipath on the PN code. This circuit
should compute

L
PN D RN 1) 6, 6)
=1

6.0 Conclusions

The inclusion of multistage parallel interference cancella-
tionina CHMA receiver cansignificantly improve its per-
formance relative to that of a conventional CDMA - receiver
wherenointerference cancellation isattempted. A weighted
interference cancellation philosophy, in which the amount
of interference cancelled is related to the fidelity of the ten-
tative decisions involved in forming the inter ference esti-
mate, isin general superior to a brate force philosophy of
entirely cancelling the interference at cach stage. Using, a
hyperbolic tangent device for making the tenta tive decisions
at the vario psstag es of the cancellation process is supcerjor
to using, either a hard limiter or lincar device. The linear
deviceon the otherthandhasthe advantage that the receiver
implementation does not require knowledge of the user
powersnor does it need carrier synchronization atthe vari-
ousstages. ‘["he latter implies that the finaldata decisions
can be performed with a differential (rather than a coher-
ent) detector. Thetechnique is equally applicable to uncoded
as well as coded modulations the latter being, discussed in
{18].
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